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LOCATING AND ISOLATING GRID FAULTS
UTILIZING A FAST CLOSE-OPEN
OPERATION

BACKGROUND

Field

The present disclosure relates generally to a control
scheme for sectionalizing switches 1n an electrical gnd
teeder. More particularly, it relates to a system and method
enabling automated sectionalizing switches equipped with
only three-phase current sensing to 1solate faults when
upstream interrupter/reclosers are testing for continued fault
presence.

Discussion of the Related Art

An electrical power transmission/distribution network,
often referred to as an electrical grid, typically includes a
number of power generation plants each including a number
of power generator units, such as gas turbine engines,
nuclear reactors, coal-fired generators, hydro-electric dams,
etc. The grid may also include wind and/or solar energy
generation farms. Not only are there many different types of
energy generators on the grid, but there are many different
types of loads, and the generators and loads are distributed
over large geographic areas. The transmission grid carries
clectricity from the power plants over long distances at high
voltages. The distribution grid, separated from the transmis-
sion grid by voltage-reducing transformers 1n a variety of
substations, provides electricity to the consumers/loads.

Many portions of the distribution grid, commonly known
as lfeeders, are arranged between two or more different
sources (1.., substations, or adjacent feeders), where one
source 1S a main or primary source which i1s normally
connected to and provides the preferred source of power to
the feeder, and the other sources are alternates which are
normally disconnected from the feeder by an open switching,
device. Additional switches, known as sectionalizing
switches, are also typically placed along the length of a
teeder, thereby creating multiple feeder sections each sepa-
rated by a switch, where each feeder section typically serves
multiple customers. If a fault occurs 1n the feeder, the fault
can be 1solated by opening one or more of the normally-
closed sectionalizing switches.

Control of the sectionalizing switches has been largely
automated 1n recent years, using a strategy known as fault
location, 1solation and service restoration (FLISR). FLISR
applications can reduce the number of customers 1mpacted
by a fault by automatically isolating the trouble area and
restoring service to remaining customers by transierring
them to adjacent circuits. In addition, the fault 1solation
teature of the technology can help crews locate the trouble
spots more quickly, resulting 1n shorter outage durations for
the customers 1impacted by the faulted section.

One known FLISR techmique 1s a centralized FLISR
system, where real-time communications between switches
and a controller are required to locate and 1solate a fault 1in
a feeder. Centralized FLISR systems, based on real-time
communications, are eflective when the communication
channels are operable, but are completely defeated when
communication is interrupted for any reason. The commu-
nication system equipment requirements also add cost and
complexity to the switches. Another known FLISR tech-
nique mmvolves pre-defined, static behavior characteristics
for each sectionalizing switch. In thus approach, each switch
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2

1s pre-programmed to open 1f 1t experiences a certain nums-
ber of fault current or voltage events, where the pre-
programmed number 1s based on each switch’s proximity to
the feeder source. However, 11 the feeder source changes to
an alternate, the pre-programmed sectionalizing switch
behavior will result 1n incomplete or suboptimal fault 1so-
lation.

Pulse-testing interrupter/reclosers are known in the indus-
try, where these interrupter/reclosers operate as a smart
source interrupter which, after a fault 1s initially detected,
deliver a series of test pulses to the feeder. The low energy
test pulses are designed to detect the continued presence of
a Tault, and are recognized by the sectionalizing switches as
fault current events or load current events, where the sec-
tionalizing switches open 1f they experience a number of
events exceeding a threshold. However, it can be diflicult 1n
some situations for a sectionalizing switch to distinguish
between a fault current pulse and a load current pulse during
the testing process.

In view of the circumstances described above, there 1s

need for a sectionalizing switch control methodology which

does not rely on an additional real-time communications
infrastructure between switches and controllers 1n distribu-
tion grid feeders, yet controls switch opening behavior
properly to 1solate faults while still accruing the benefits of
using low-energy test pulses.

SUMMARY

The present disclosure describes a control system and
method for sectionalizing switches and pulse-testing inter-
rupter/reclosers 1n a feeder, or portion of the distribution
orid, which enables fault location, isolation and service
restoration without requiring a separate communications
infrastructure between the switches and/or a central control-
ler. The method includes switches entering an armed state
when they experience a high fault current during an 1nitial
fault event. Then, when the iterrupter/recloser runs its test
pulse sequence, any armed switch counts all test pulses as
fault pulse events, while non-armed switches count the test
pulses as load pulse events. Switches open to 1solate the fault
based on threshold values of fault count and load count
cvents. When an initially active interrupter/recloser coms-
pletes its test pulse sequence, another interrupter/recloser
may begin 1ts sequence, and all switches reconfigure their
threshold values based on the new interrupter/recloser. After
the mterrupter/recloser has completed 1ts test pulse sequence
other related interrupter/reclosers use a fast close-open event
il necessary to arm remaining switches for proper fault-
count opening.

Additional features of the present disclosure will become
apparent {from the following description and appended
claims, taken 1n conjunction with the accompanying draw-
Ings.

BRIEF DESCRIPTION OF TH.

L1l

DRAWINGS

FIG. 1 1s a simplified schematic diagram of a typical
distribution system feeder, or portion of the distribution grid,
as known 1n the art;

FIG. 2A 15 a schematic diagram of a feeder illustrating an
idealized current sensing by sectionalizing switches using
known techniques for detecting test pulses from an inter-
rupter/recloser;

FIG. 2B 1s a schematic diagram of a feeder 1llustrating a
possible actual current sensing by sectionalizing switches
using known techniques for detecting test pulses from an
interrupter/recloser;
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FIG. 3 1s a multi-step schematic diagram of a feeder
illustrating a response of sectionalizing switches to test

pulses from an interrupter/recloser, where switches become
armed 1n response to an initial fault current, according to an
embodiment of the present disclosure;

FIGS. 4A/4B/4C comprise a multi-step schematic dia-
gram ol a feeder illustrating a response of sectionalizing
switches to test pulses from 1nterrupter/reclosers, where the
interrupter/reclosers use a fast close-open event to arm
switches 1n an alternative source path, according to an
embodiment of the present disclosure; and

FIG. 5 1s a flowchart diagram of a method for 1solating a
fault using sectionalizing switches, including arming
switches 1n response to an initial fault current and using a
fast close-open event to arm switches, according to an
embodiment of the present disclosure.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1

The following discussion of the embodiments of the
disclosure directed to a technique for 1solating a fault 1n a
feeder using sectionalizing switches, including arming
switches and fast close-open events, 1s merely exemplary 1n
nature, and 1s 1 no way mntended to limit the disclosure or
its applications or uses.

An electrical power grid consists of a transmission net-
work and a distribution network. The transmission network
handles the movement of high-voltage electrical energy
from a generating site, such as a power plant, to an electrical
substation. The distribution network moves medium-voltage
clectrical energy on local wiring between substations and
customers. Because the distribution portion of the gnd
includes power lines which are exposed to many fault-
inducing conditions including wind, lightning, 1ce and snow,
contamination, tree contacts, pole damage from vehicle
collisions, etc., faults occur on the distribution grid. Fault
location, 1solation and service restoration (FLISR) 1s the
name given to a set of techniques applied by many electric
utilities to recover from faults on the distribution gnid.

FIG. 1 1s a simplified schematic diagram of a typical
teeder 100, or portion of the distribution grid, as known 1n
the art. The feeder 100 provides electrical energy to many
end customers, including houses 102 and businesses 104.
The feeder 100 has a main source 110 at one end and an
alternate source 120 at the other end. The sources 110 and
120 are typically substations, that include a fault interrupting
device at the connection of each feeder to the substation
clectrical bus (interrupting device and electrical bus not
shown), where high voltage energy (60,000 volts line to line
or greater) on the transmission grid 1s transformed down to
medium voltage energy (often 38,000 volts line to line or
less). The main source 110 1s normally connected to and
provides the power to the feeder 100, while the alternate
source 120 1s normally disconnected from the feeder 100 by
a device such as a switch or a device that has fault inter-
rupting capability. While the following discussion focuses
around three (3) phase feeder configuration, this discussion
1s meant to be exemplary and not limiting to other configu-
rations, such as single phase configurations.

Between the main source 110 and the alternate source
120, switches 130, 140 and 150 divide the feeder 100 into
sections. A section 160 1s located between the main source
110 and the switch 130, a section 170 1s located between the
switch 130 and the switch 140, and a section 180 1s located
between the switch 140 and the switch 150. The switches
130 and 140 are normally closed, so that the main source 110
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4

provides power to the sections 160, 170 and 180 of the
teeder 100. The switch 150 1s normally open, so that the
alternate source 120 i1s normally not connected to the feeder
100. In fact, there 1s typically another feeder between the
alternate source 120 and the switch 150, where the switch
150 forms the boundary or tie point between the feeder 100
and the adjacent feeder. The switches 130 and 140, which
separate the sections 160, 170 and 180, are known as
sectionalizing switches.

It 1s to be understood that the feeder 100 1s a three-phase
network. That 1s, each of the sections 160, 170 and 180
includes three conductors (Phase A, Phase B and Phase C),
cach electrically 120° from the others. The houses 102 and
the businesses 104 may receive service from one or more of
the phases, where the houses 102 almost always have
single-phase service, and the businesses 104 may have
three-phase service 1f they have high energy demands and/or
large loads. The feeder 100 1illustrated in FIG. 1 15 very
simple, not including branches as would be found 1n prac-
tical implementations. The feeder 100 1s merely shown and
discussed here as a way of introducing general feeder
terminology and describing the basic function of sectional-
1zing switches.

If a fault occurs 1n the feeder 100, such as a lightning
strike which causes an insulation tlashover of one or more
power lines in the section 180 causing a line-to-line or
line-to-ground fault, it 1s possible to 1solate the fault and
restore power to the sections 160 and 170 by opening the
switch 140. This fault 1solation and service restoration could
be performed by line service crews visually locating the
fault and manually opening the switch. A preferred alterna-
tive 1s the use of FLISR techmiques, where fault 1solation and
service restoration occurs automatically and faster than
manual methods.

However, traditional centralized FLISR techniques
require real-time communication between the switches 130/
140/150 and a common controller, so that voltage and
current measurements at each device, along with device
open/closed status, can be used to command and control the
status of other adjacent devices. These real-time communi-
cation-based FLISR techniques work well as long as the
communication channels are operable, but are completely
defeated 1f the communication channels become 1noperable.
Even with modern technology, any communication medium
can experience an outage—whether due to equipment fail-
ure, infrastructure damage, wireless signal interference or
jamming, computer malware, or otherwise. In addition, the
requirement for communications capability 1n the section-
alizing switches increases the cost and complexity of the
switches. For these reasons, a new FLISR technique 1s
needed which does not require an additional real-time com-
munication system infrastructure and can rely on the capa-
bility of a low energy pulse testing system.

FIG. 2A 1s a schematic diagram of a feeder 200 1llustrat-
ing 1dealized current sensing by sectionalizing switches
using known techniques for detecting test pulses from an
interrupter/recloser. The feeder 200 includes two branch
points and four different sources, any one of which may be
powering the feeder 200 at a particular time. The feeder 200
also includes a plurality of sectionalizing switches, as dis-
cussed above. Loads (homes and businesses) are not shown
in FIG. 2 for the sake of simplicity and clanty.

An 1interrupter/recloser 202 serves as an initial energy
source for the feeder 200 and includes fault detection, switch
opening, and reclosing or pulse-testing capability which will
be discussed further below. A block diagram of the main
clements of the interrupter/recloser 202 1s shown at the
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bottom left of FIG. 2A. The iterrupter/recloser 202 receives
medium-voltage power (alternating current, or AC) from the
distribution grid on line 230 and provides power to the
teeder 200 on line 232 in this normal circuit configuration.
Again, both the lines 230 and 232 are three phases, repre-
sented here by a single line for simplicity. A controller 240
1s connected to a plurality of sensors 242 and fault inter-
rupting switching devices 244. The controller 240 includes
a processor and memory capable of storing data and pro-
gramming instructions for controlling the operation of the
interrupter/recloser 202. The sensors 242 include at least a
current sensor and a voltage sensor on each of the three
phases, where the sensors 242 are capable of detecting
conditions such as low voltage or excess current. Such
conditions 1ndicate the presence of a fault somewhere 1n the
teeder 200 on one or more of the phases.

Based on data from the sensors 242, the controller 240
may determine that 1t 1s necessary to open the fault inter-
rupter switches 244 for one phase or all three phases of
power. Fach of the switches 244 has only one pole corre-
sponding to one phase of power, but as normally configured
by electric utility companies, all three poles/phases are
opened by the interrupter/recloser 202 when a fault is
detected on any one or more of the phases, to completely
de-energize the feeder 200. The controller 240 in the nter-
rupter/recloser 202 also contains control logic for selectively
reclosing the switches 244 1n attempts to re-energize part of
the feeder 200. The mterrupter/recloser 202 performs a pulse
test sequence 1n an attempt to cause the sectionalizing
switches to open to 1solate the faulted feeder section. This
sectionalizing switch and interrupter/recloser operation 1s
discussed further below.

An mterrupter/recloser 204 1s located at the right end on
a lower branch of the feeder 200, an mterrupter/recloser 206
1s located at the right end on an upper branch of the feeder
200, and an 1nterrupter/recloser 208 1s located at the leit end
on an upper branch of the feeder 200. The interrupter/
reclosers 204, 206 and 208 are of the same design as the
interrupter/recloser 202, having the sensors 242, the fault
interrupting switches 244 and the controller 240, and 1includ-
ing pulse testing capability. The interrupter/recloser 202,
being the main source to the feeder 200, may be directly
adjacent to a substation, while the interrupter/reclosers 204,
206 and 208, being alternate sources, may be tie point
boundaries to adjacent feeders. In FIG. 2A, the interrupter/
recloser 202 1s in pulse-test mode, as indicated by its
medium-weight outline with a dashed horizontal pulse line.
The mterrupter/reclosers 204, 206 and 208 are 1n an open
state, meaning they are not supplying power to the feeder
200 1 FIG. 2A, as indicated by their thin outline and lack
of any horizontal line. The terrupter/reclosers 202, 204,
206 and 208 are numbered 1-4 as an indication of the order
in which they are configured to perform their test-pulse
sequences 1n the following discussion.

The feeder 200 includes a sectionalizing switch 210
(Switch A or “SW-A" for simplicity), a sectionalizing switch
212 (“SW-B”), a sectionalizing switch 214 (*SW-C”), a
sectionalizing switch 216 (“SW-D™"), a sectionalizing switch
218 (“SW-E”), and a sectionalizing switch 220 (“SW-EF”).
The sectionalizing switches 210-220 are all normally-
closed, providing connectivity from the active source (the
interrupter/recloser 202) to the loads connected to the entire
teeder 200 (loads not shown on the diagram). In the known
distributed FLISR technique of FIG. 2, the sectionalizing
switches may or may not have additional communications
system hardware to use an external communications system
infrastructure, but communication 1s not used for automated
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fault sectionalizing purposes. Instead, each of the section-
alizing switches 210-220 includes current sensors and a
controller capable of opening the switch to 1solate a fault.

The controller 1n each of the sectionalizing switches
210-220 15 configured with pre-defined logic which deter-
mines under what conditions the particular switch will open.
The pre-defined logic, designed to isolate a fault in the
teeder 200 without openming more switches than necessary to
isolate the fault, 1s based on each switch’s proximity to the
active feeder source. When the sectionalizing switches
include only current sensors (no voltage sensors) as in the
teeder 200 of FIG. 2, the switches are configured to detect
fault-pulse currents and load-pulse currents during the pulse-
test sequence of the imterrupter/reclosers, and each switch
will open if 1t reaches its threshold value for either fault
pulse counts or load pulse counts.

The sectionalizing switches 210-220 each have a thresh-
old value for FC (fault pulse counts) and a value for LC (load
pulse counts). The FC threshold represents the number of
fault current pulse events that a switch must count during an
interrupter/recloser pulse sequence for the switch control to
command the switch to open. The LC threshold represents
the number of load current pulse events that a switch must
count during an interrupter/recloser pulse sequence for the
switch control to command the switch to open. Fault cur-
rents are relatively high currents because the current 1s
flowing from the source to a fault such as a short circuit,
while load currents are relatively lower currents flowing
from the source to whatever loads are connected to the
circuit downstream of a switch. The pre-defined logic 1n the
sectionalizing switches 210-220 dictates that switches near-
est the active source have the lowest LC threshold and the
highest FC threshold, while switches furthest from the active
source have the highest LC threshold and the lowest FC
threshold. For example, SW-A (210) 1s nearest the active
interrupter/recloser 202, and therefore has threshold values
of FC=3 and LC=1. Conversely, SW-C (214) 1s furthest {from
the active interrupter/recloser 202, and therefore has thresh-
old values of FC=1 and LC=3.

The pre-defined values of FC and LC threshold are
designed to cause the desired switch opening behavior in the
event of a fault 1n a feeder section, as long as each switch can
distinguish between fault current pulses and load current
pulses. For example, in the event of a fault 222 1n the lower
right branch between the sectionalizing switches 212 and
214, the desired response 1s for the switches 212 and 214 to
open, thereby fully 1solating the faulted feeder section. After
the fault 222 1s imtially detected, the interrupter/recloser 202
will enter a pulse testing mode, where the device creates a
sequence of current pulses through the feeder 200. The
pulses provided by the interrupter/recloser 202 are low
energy partial-reclosing events, as 1t 1s undesirable to repeat-
edly send high energy full-reclosing fault currents through
portions of the feeder 200.

Ideally, the sectionalizing switches 210-220 can distin-
guish between fault current pulses 224 (larger current pulses
indicating that a switch 1s located between the active inter-

rupter/recloser and the fault location) and load current pulses
226. In FIG. 2A, the switches 210 and 212 experience the

fault current pulses 224, while the switches 216, 218 and 220
(which are not 1n the feeder path between the pulse testing
device and the fault 222) experience the load current pulses
226. The switch 214 could experience load current pulses on
unfaulted phases, but will not experience fault current
pulses.

If the interrupter/reclosers were performing a full reclos-
ing duty cycle, with the associated high energy fault current
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due to the fault, the sectionalizing switches would have a
larger current difference 1n most applications to distinguish
fault currents from load currents. However, in practical
conditions where the interrupter/reclosers are sending low
energy test pulses (which have many advantages over a high
energy reclosing current), the current sensors and controller
in the sectionalizing switches are challenged with difleren-
tiating pulse current signals produced by a fault condition
(fault-pulses) from current signals associated with a load
condition (load-pulses).

FIG. 2B 1s a schematic diagram of the feeder 200 illus-
trating a possible actual current sensing by sectionalizing
switches using known techniques for detecting test pulses
produced by an iterrupter/recloser. As shown 1n FIG. 2B, 1t
1s possible that fault current pulses 254 sensed by the
switches 210 and 212 are indistinguishable from the load
current pulses 226 sensed by the switches 216, 218 and 220.
This 1s particularly true if the switches 216, 218 and 220
have high customer load online at the time of the fault, such
that their load current pulses are relatively high. In the
scenario of FIG. 2B, where fault-current pulses are not
properly 1dentified by the switches between the pulse testing,
device and the fault location, the sectionalizing switches will
not properly increment therr FC and LC values during
pulse-testing of the interrupter/recloser, and the proper
switches will not open to 1solate the fault.

This differentiation difliculty illustrated in FIG. 2B can be
overcome by combining initial fault current sensing and
subsequent pulse sensing information. For example, switch
controls that sense the passage of the initial fault current
would record this information. After observing a current of
suilicient magnitude and duration to qualily as fault current,
for a preconfigured period of time, a switch control would
sense and 1terpret a subsequent sequential pulse and inverse
pulse or just one of these pulses as a fault-pulse and accrue
a fault-pulse count. Details of this methodology are dis-
cussed below.

FIG. 3 1s a multi-step schematic diagram of a feeder 300
illustrating the response of sectionalizing switches to test
pulses from an interrupter/recloser, where switches become
armed 1n response to an mitial fault current, according to an
embodiment of the present disclosure. The feeder 300 has
the same topology as the feeder 200 discussed previously,
and the feeder 300 differs from the feeder 200 only 1n the
programming logic configured in the controllers of the
interrupter/reclosers and sectionalizing switches.

The feeder 300 includes interrupter/reclosers 302, 304,
306 and 308—mnumbered 1-4 respectively to indicate the
order 1n which they will run their pulse-testing sequences.
The feeder 300 also includes six sectionalizing switches—
Switch-A (SW-A) 310, a Switch-B (SW-B) 312, a Switch-
C(SW-C) 314, a Switch-D (SW-D) 316, a Switch-E (SW-E)
318, and a Switch-F (SW-F) 320. Reference numerals are
shown only on Step #1 of FIG. 3, to reduce visual clutter.

The interrupter/recloser 302 1s mitially serving as the
energy source for the feeder 300; that 1s, the interrupter/
recloser 302 is closed 1n Step 1, as indicated by 1ts heavy
outline, solid switch line and fill shading. The interrupter/
reclosers 304, 306 and 308 are all open at Step 1. The
sectionalizing switches are all closed at Step 1.

At Step 1, a fault 322 occurs 1n the cross-branch located
between the SW-A 310, SW-B 312, SW-D 316 and SW-E
318. When the fault 322 occurs, a fault current 324 passes
through the SW-A 310 from the active source to the fault
point along the feeder. The current sensors in the SW-A 310
detect the fault current 324, because the interrupter/recloser
302 1s imtially closed and the fault current 324 therefore has
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a high energy fault current magnitude. None of the other
sectionalizing switches will experience the high energy fault
current, as they are not located 1n the feeder path between the
fault 322 and the interrupter/recloser 302.

According to embodiments of the present disclosure,
when the SW-A 310 detects the fault current 324, the SW-A
310 enters an “armed” state. The armed state of the SW-A
310 means that the SW-A 310 control recognizes that 1t 1s
located between the active source and the fault because 1t has
experienced a high energy fault current event, and therefore
subsequent test pulses sensed by the SW-A 310 within a
defined time 1nterval will be counted as fault pulses, even 1f
the measured pulses are indistinguishable from load pulses.
Conversely, switch controls that haven’t sensed the passage
of the high energy (initial) fault current would not be
“armed” and would 1nterpret subsequent pulses and inverse
pulses within a defined time interval as load pulses (an
unfaulted downstream condition due to loads on the circuit).
Theretfore, these switch controls would accrue a load-pulse
count. Using a combination of fault-pulse and load-pulse
counts accelerates fault 1solation by opening switches after
achieving a preconfigured number of counts.

At Step 2 of FIG. 3, the interrupter/recloser 302 first opens
in response to detecting the fault 322, then after a brief time
interval, begins 1ts test pulse sequence. At the beginning of
Step 2, the SW-A 310 1s still closed. The interrupter/recloser
302 1s shown twice at Step 2, with the open state over the
pulsing state; this convention for two sequential states of an
interrupter/recloser will be used again in FIGS. 3 and 4. The
purpose of the pulse testing state of the interrupter/recloser
1s to determine if the fault 1s still present and, 1f so, use the
pulse test wavelorms and sensing logic in the sectionalizing
switches to open to 1solate (or at least partially 1solate) the
fault. The sectionalizing switches in the feeder 300 recog-
nize that the interrupter/recloser 302 1s active, and they
therefore configure their FC and LC thresholds accord-
ingly—with the SW-A 310 having thresholds of FC=3 and
LC=1, the SW-B 312 having thresholds of FC=2 and LC=2,
the SW-C 314 having thresholds of FC=1 and LC=3, etc.

When the iterrupter/recloser 302 sends its first test pulse,
the SW-A 310 (still closed) counts 1t as a fault current pulse,
even 1f the pulse 1s indistinguishable from a load current
pulse, because the SW-A 310 1s in the armed state. The
SW-B 312 (still closed) and the SW-C 314 each sense a load
pulse and accrue this to their counts. The other sectionaliz-
ing switches may not sense any pulse from the interrupter/
recloser 302 on the faulted phase because they are beyond
(downstream of) the fault 322. When the interrupter/recloser
302 sends 1ts second test pulse, the SW-A 310 counts it as
its second fault current pulse, and the SW-B 312 and SW-C
314 count it as their second load current pulse. The SW-B
312 now has LC=2 which 1s 1ts threshold for opening.
Theretfore, the SW-B 312 opens. The SW-C 314 does not
sense any more test pulses from the interrupter/recloser 302
because the SW-B 312 1s open. On the third test pulse from
the interrupter/recloser 302, the SW-A 310 senses and
counts 1ts third fault current pulse, and the SW-A 310 opens

on FC=3. This completes the pulse testing of the interrupter/
recloser 302 and completes Step 2 of FIG. 3, with the SW-A

310 and the SW-B 312 open, i1solating the fault 322 on the
lower branch.

In Step 3, the interrupter/recloser 304 begins 1ts test pulse
sequence, determines that no fault 1s evident in 1ts circuit
(because the SW-B 312 1s open), and immediately recloses
(state=closed, as shown in the lower i1con of the interrupter/
recloser 304 i Step 3) to re-energize the feeder section
between the interrupter/recloser 304 and the SW-B 312.
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In Step 4 of FIG. 3, the interrupter/recloser 306 begins its
test pulse sequence. None of the SW-D 316, the SW-E 318
or the SW-F 320 are armed, because these switches have not
experienced an initial high energy fault current. Therefore,
when the interrupter/recloser 306 sends 1ts first test pulse,
the SW-D 316 might interpret the pulse as a load pulse
instead of a fault pulse, and the SW-D 316 would open on
LC=1 (which 1s 1ts threshold because 1t 1s closest to the
interrupter/recloser 306). This 1s problematic because the
SW-E 318 is not yet open to 1solate the faulted segment. The
interrupter/recloser 308 would then run 1ts pulse testing
sequence, which would lead to the opening of the SW-F 320
on LC=1. The opemng of the SW-F 320 but not the SW-E
318 in this scenario 1s a sub-optimal system response. The
problems 1llustrated 1n Step 4 (1improper 1solation by the
switches 1n the top branches) stem from the inability to
distinguish a load pulse from a fault pulse 1n this example of
teeder and fault topology. These problems can be resolved
by adding an operational step to the interrupter/reclosers
which can be employed to arm sectionalizing switches other
than the one(s) which experience the initial high energy fault
current.

FIGS. 4A, 4B and 4C comprise a multi-step schematic
diagram of the feeder 300 illustrating the response of
sectionalizing switches to test pulses from interrupter/re-

closers, where the mterrupter/reclosers use a fast close-open
event to arm some switches, according to an embodiment of
the present disclosure. FIGS. 4A, 4B and 4C illustrate the
same feeder 300 as i FIG. 3, however, the interrupter/
reclosers are configured to perform a “Fast Close-Open”
operation in order to arm some sectionalizing switches
which did not experience the iitial high energy fault cur-

rent. This will be described 1n detail below as the ten steps
of FIG. 4 are discussed.

Step 1 1 FIG. 4A 15 the same as Step 1 1 FIG. 3. The
interrupter/recloser 302 1s the active source to the feeder 300
when the fault 322 occurs and the high energy fault current
324 is detected by the SW-A 310. The high energy fault
current detection by the SW-A 310 causes the SW-A 310 to
enter an armed state. The remaining steps 1n FIGS. 4A, 4B
and 4C overlap with, but show more detail than, the Steps
2-4 of FIG. 3, and then continue beyond where FI1G. 3 ended.

In Step 2 of FIG. 4A, the interrupter/recloser 302 has
opened due to the fault 322, and then the mterrupter/recloser
302 begins its pulse testing sequence. All of the other
interrupter/reclosers remain open. When the interrupter/
recloser 302 performs 1ts pulse testing sequence, the SW-A
310 begins accruing fault current pulses because it 1s armed.
The SW-B 312 and SW-C 314 begin accruing load current
pulses. The sectionalizing switches on the upper branch of
the feeder 300 will not sense any current pulses on the
faulted phase because they are downstream of the fault
location.

In Step 3 of FIG. 4A, the mterrupter/recloser 302 contin-
ues 1ts pulse testing sequence until the SW-B 312 opens on
load count (LC=2) and the SW-A 310 opens on fault count
(FC=3), in the same manner as described with reference to
FIG. 3. The interrupter/recloser 302 then recloses, as pulse
testing indicates the fault 322 1s no longer present since the
SW-A 310 has opened.

In Step 4 on FIG. 4B, the interrupter/recloser 302 1s closed
as just discussed. The interrupter/recloser 304 begins pulse
testing, determines that 1ts portion of the circuit 1s not faulted
(because the SW-B 312 is open), and the interrupter/recloser
304 then immediately closes. The interrupter/reclosers 306
and 308 remain open at this stage.
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In Step 5 of FIG. 4B, the interrupter/recloser 306 begins
pulse testing and detects the fault 322. Rather than continue
pulse testing as 1 FIG. 3 (and have the switches 316, 318
and 320 unable to distinguish between load pulses and fault
pulses), at this point the mterrupter/recloser 306 performs a
fast close-open operation. The fast close-open state 1s 1ndi-
cated 1 Step 3 by the heavy outline, solid switch line and fill
shading only on the top half of the mterrupter/recloser 306.
The interrupter/recloser 306 applies the fast close-open
procedure on the logic that any previously-open interrupter/
recloser that did not trip open on overcurrent, and detects a
fault during pulse testing, shall imitiate a fast close-open
operation to arm downstream switches 1n the fault path
before continuing pulse testing. The fast close-open opera-
tion causes a suiliciently large fault current 326 to flow
through any switches upstream of the fault (which 1s the
SW-D 316 1n this case) which will arm the switch control.
The fast close-open 1s shorter in duration than a full reclos-
ing attempt by a traditional source recloser, because a full
reclosing attempt includes measuring current, detecting
overcurrent and re-opening 1n response. In contrast, the fast
close-open, according to the present disclosure, 1s a short
duration pre-defined sequence of timed operations which
does not involve measuring and reacting to overcurrent.

When the SW-D 316 detects the fault current 326 during
the fast close-open of the interrupter/recloser 306, the SW-D
316 enters the armed state 1n Step 5. In Step 6, immediately
alter performing the fast close-open, the interrupter/recloser
306 switches back 1nto pulse testing mode, starting the pulse
testing logic to isolate the fault. As described previously,
now that the interrupter/recloser 306 1s the active device (in
Steps 3 and 6), the sectionalizing switches which sense the
pulses will configure their FC and LC threshold values based
on the active device. This means that the SW-D 316 (closest
to the active source) will have thresholds of FC=3 and
LC=1. The SW-F 320 (furthest from the active source) will
have thresholds of FC=1 and L.LC=3, and the SW-E 318 will
have thresholds of FC=2 and LC=2.

In Step 7 (FIG. 4C), when the interrupter/recloser 306
runs 1its test pulse sequence, the SW-E 318 will open on
LC=2, and the SW-D 316 (which 1s armed and counts only
fault current events) will open on FC=3. This activity at Step
7 15 analogous to what happened with the SW-A 310 and the
SW-B 312 1n Step 3. The fast close-open and armmg of the
SW-D 316 has caused the desired switch opening behavior
to occur.

In Step 8, the mterrupter/recloser 306 completes 1ts test
pulse sequence, doesn’t detect the presence of a fault, and
recloses. This closing of the interrupter/recloser 306 re-
energizes the feeder section between the device 306 and the
SW-D 316. In Step 9, the mterrupter/recloser 308 begins 1ts
test pulse sequence and doesn’t detect the presence of a fault
because the SW-E 318 is open. The interrupter/recloser 308
then immediately closes as shown 1 Step 10. It can be seen
in Step 10 that the desired result has been achieved; the fault
322 1s fully 1solated by open sectionalizing switches on all
sides, and all unfaulted feeder sections have been re-ener-
gized through the closing of all four of the interrupter/
reclosers 302, 304, 306 and 308.

To summarize the preceding discussion, the concept of
“arming” sectionalizing switches which experience a high
energy fault current 1s introduced to overcome the difliculty
in distinguishing between a fault current pulse and a load
current pulse during a test pulse sequence. A fast close-open
operation 1s performed by any interrupter/recloser that did
not trip open on overcurrent and subsequently detects a fault
when pulse testing. The fast close-open serves to arm any
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switches as necessary 1n feeder branches other than those
proximal to the imitially active source (which sensed the
initial fault current).

FIG. 5 1s a flowchart diagram 500 of a method ifor
1solating a fault 1n a feeder including sectionalizing switches
and bounded by pulse-testing interrupter/reclosers, accord-
ing to an embodiment of the present disclosure. The method
of FIG. § incorporates the features described above, includ-
ing arming switches 1n response to an mnitial fault current and
using a fast close-open event to arm switches in alternate
source branches of the feeder.

At box 502, a distribution grid feeder such as the feeder
300 1s established, including a plurality of pulse-testing
interrupter/reclosers, one at each end of the feeder (two or
more ends, depending on branching), and a plurality of
sectionalizing switches spaced apart within the interior of
the feeder between the mterrupter/reclosers. The sectional-
1zing switches include current sensors for each phase/pole
and a controller, and the interrupter/reclosers include the
controller, sensors and switches discussed previously. Estab-
lishing the feeder at the box 3502 includes providing con-
figuration information to each of the interrupter/reclosers
and sectionalizing switches, along with the rules for auto-
matic adjustment of fault count (FC) and load count (LC)
thresholds based on the active source. Furthermore, the
controller 1n each of the sectionalizing switches includes the
programming logic for “arming” the switch upon detection
of a high energy fault current, and thereafter (for a pre-
scribed time duration) counting any test pulse as a fault
current pulse.

At box 504, when a fault occurs on at least one phase
somewhere within the feeder, the fault 1s detected by the
interrupter/recloser which is the active source to the feeder
by sensing a high current, a low voltage, or both, on the
faulted phase/pole. When the active interrupter/recloser
detects an overcurrent condition created by the fault, the
device opens at the box 504, as shown 1n FIG. 4A, Steps 1
and 2. At box 506, 1f one or more sectionalizing switches
experience the initial high energy fault current, their controls
set their state to “armed™, as was done by the SW-A 310 1n
Step 1 of FIGS. 3 and 4. When armed, a sectionalizing
switch counts any test pulse as a fault current pulse.

At box 508, the active interrupter/recloser initiates a test
pulse sequence to begin isolating the fault by opening of
sectionalizing switches. At box 510, the sectionalizing
switches 1n the feeder adaptively configure their fault count
(FC) and load count (LLC) threshold settings, where config-
uring the FC and LC thresholds includes determining which
interrupter/recloser 1s the active source and, based on the
pre-defined configuration stored in the switch controls
device, setting the FC threshold to a highest value for the
sectionalizing switch which 1s closest to the active source
and setting the LC threshold to a lowest value for the
sectionalizing switch which 1s closest to the active source,
with sectionalizing switches having an FC threshold value
one lower for each step further removed from the active
source and an LC threshold value one higher for each step
turther removed from the active source. The adaptive con-
figuration of thresholds at the box 510 1s performed as soon
as the active source begins pulse testing. The active source
can be determined 1n one of several methods, including each
of the interrupter/reclosers having a unique signature of time
delays before and between pulses, or the switches determin-
ing a direction of power flow 1n the feeder and inferring the
active source based on the direction. At the box 510, the
switches open as indicated by their accrued fault counts
and/or load counts as the active source continues its pulse
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testing sequence. This was shown, for example, in FIG. 4A
Step 3, where the SW-B 312 opened on LC=2 and the SW-A

310 opened on FC=3.

At box 512, the active source (interrupter/recloser) con-
tinues its test pulse sequence and the sectionalizing switches
open as appropriate until the opening of a sectionalizing
switch causes the active source to be disconnected from the
fault, or the maximum number of test pulses 1s reached. At
box 514, after the active source 1s disconnected from the
tault, the source interrupter/recloser recloses. At decision
diamond 516, 1t 1s determined whether there are other
interrupter/reclosers that can be the source of power for the
teeder which have not yet tested for fault presence. If no
other interrupter/reclosers remain 1n the feeder, the process
ends at terminus 518.

If more 1nterrupter/reclosers remain at the decision dia-
mond 516, then at box 520 a new active source (interrupter/
recloser) 1s designated based on a predefined precedence
associated with the feeder topology. At box 522, the new
active source (interrupter/recloser) sends an 1nitial test pulse
to detect the possible presence of a fault. When a fault 1s
present, the new active source executes a fast close-open
operation (Step 5 of FIG. 4B), sending a suflicient fault
current through any switches upstream of the fault to result
in the switch control being armed. After the fast close-open
1s executed at the box 522 (or it 1s determined not to be
necessary), the process returns to the box 506 where any
switches which experienced a suflicient fault current during
the fast close-open go to an armed state, and the new active
source 1nitiates 1ts test pulse sequence at the box 508. This
was shown 1n Step 7 of FIG. 4C, where the SW-D 316
(LC=2) and the SW-E 318 (FC=3) opened during pulse
testing by the interrupter/recloser 306 aiter the interrupter/
recloser 306 performed a fast close-open.

As will be understood by those skilled 1n the art, the
several and various steps and processes discussed herein to
describe the disclosed methods may be referring to opera-
tions performed by a computer, a processor or other elec-
tronic calculating device that manipulate and/or transform
data using electrical phenomenon. In particular, this refers to
the control calculations and operations performed by con-
trollers or processors 1included in each of the sectionalizing
switches in the feeders of FIGS. 2-4, and the controller or
processor included 1n the interrupter/reclosers of FIGS. 2-4.
Those processors and electronic devices may employ vari-
ous volatile and/or non-volatile memories including non-
transitory computer-readable medium with an executable
program stored thereon including various code or executable
instructions able to be performed by the computer or pro-
cessor, where the memory and/or computer-readable
medium may include all forms and types of memory and
other computer-readable media.

The disclosed methods for 1solating faults by automated
sectionalizing switches equipped with only current sensing,
when upstream interrupter/reclosers are testing for contin-
ued fault presence—by arming switches upon detection of a
suilicient fault current, and using a fast close-open when
necessary by subsequent interrupter/reclosers—provide a
means for reliably implementing FLISR without either volt-
age sensing capability in the switches or a separate com-
munication system infrastructure and associated hardware in
the switches. Using these methods, FLISR implementations
are less expensive and more reliable 1n service restoration,
providing significant benefit to electrical power distribution
companies and to all consumers on the grid.

The foregoing discussion discloses and describes merely
exemplary embodiments of the present disclosure. One
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skilled 1n the art will readily recognize from such discussion
and from the accompanying drawings and claims that vari-
ous changes, modifications and varations can be made
therein without departing from the spirit and scope of the
disclosure as defined in the following claims.

What 1s claimed 1s:

1. A method for locating and isolating faults 1n a distri-
bution grid feeder, the feeder including a plurality of sec-
tionalizing switches and being bounded by a plurality of
interrupter/reclosers, the method comprising:

providing, to each sectionalizing switch in the feeder,

settings based on a feeder topology and rules for
establishing a fault pulse count threshold and a load
pulse count threshold based on which of the interrupter/
reclosers 1s active;

opening contacts 1n an active interrupter/recloser to cut ofl

power to the feeder upon detecting conditions on the
feeder indicative of a fault in the feeder;

setfting an armed state by any of the sectionalizing

switches which detect a fault condition, where section-
alizing switches in the armed state count subsequent
pulses as fault pulses;

initiating a test pulse sequence by the active interrupter/

recloser;
determining which mterrupter/recloser 1s active and adap-
tively setting the fault pulse count threshold and the
load pulse count threshold based on the active inter-
rupter/recloser, by each sectionalizing switch;

continuing the test pulse sequence by the active inter-
rupter/recloser, with each sectionalizing switch open-
ing 11 1t reaches its fault pulse count threshold or 1ts load
pulse count threshold, until the fault 1s 1solated from the
active interrupter/recloser;

designating a new active interrupter/recloser; and

executing a fast close-open operation by the new active

interrupter/recloser when the fault 1s detected i an
initial pulse test.

2. The method according to claim 1 wherein the feeder
topology 1ncludes identification of the sectionalizing
switches and the interrupter/reclosers in the feeder and
connectivity therebetween.

3. The method according to claim 1 wherein each of the
sectionalizing switches includes current sensors and a con-
troller having a processor and memory, the controller receiv-
ing signals from the current sensors and being configured to
adaptively set the fault pulse count threshold and the load
pulse count threshold and open the sectionalizing switch
when one of the thresholds for the switch 1s reached.

4. The method according to claim 1 wherein each of the
interrupter/reclosers includes voltage and current sensors
and a controller having a processor and memory, the con-
troller recerving signals from the sensors and being config-
ured to open and close the contacts 1in the interrupter/
recloser, control the test pulse sequence and execute the fast
close-open operation.

5. The method according to claim 1 wherein adaptively
setting the fault pulse count threshold and the load pulse
count threshold based on the active interrupter/recloser by
cach sectionalizing switch includes setting the fault pulse
count threshold for a sectionalizing switch nearest the active
interrupter/recloser to a maximum number of test pulses and
setting the fault pulse count threshold for each other sec-
tionalizing switch to a value one lower for each place the
sectionalizing switch 1s further removed i1n the topology
from the active interrupter/recloser, and setting the load
pulse count threshold for a sectionalizing switch nearest the
active iterrupter/recloser to one and setting the load pulse
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count threshold for each other sectionalizing switch to a
value one higher for each place the sectionalizing switch 1s
further removed 1n the topology from the active interrupter/
recloser.

6. The method according to claim 1 wherein each sec-
tionalizing switch opeming 11 1t reaches its fault pulse count
threshold or 1ts load pulse count threshold includes each
armed sectionalizing switch counting all test pulses as fault
current pulses and each unarmed sectionalizing switch
counting all test pulses as load current pulses.

7. The method according to claim 1 wherein the test pulse
sequence mcludes a sequence of low energy pulses provided
by the active mterrupter/recloser at timed intervals, where
the pulses are configured to allow each of the sectionalizing
switches to determine 1f 1t 1s located between the active
interrupter/recloser and the fault, and to allow the active
interrupter/recloser to determine if 1t 1s still in electrical
contact with the fault.

8. The method according to claim 1 wherein determining
which interrupter/recloser 1s active includes detecting an
open 1interval, where the open interval 1s an elapsed time
from when the active interrupter/recloser cuts off power to
the feeder until a first test pulse 1s sent, and where each of
the interrupter/reclosers 1n the feeder uses a unique value of
the open interval.

9. The method according to claim 1 wherein determining,
which mterrupter/recloser 1s active includes detecting a time
interval between pulses on a single phase or between pulses
on different phases, and where each of the interrupter/
reclosers in the feeder uses a unique value of the time
interval between pulses.

10. The method according to claim 1 wherein determining
which interrupter/recloser 1s active includes detecting a
power tlow direction, where the sectionalizing switches
turther include voltage sensors, and the power tlow direction
1s determined from an average power computed over a
preconfigured time window.

11. The method according to claim 1 wherein the fast
close-open operation includes a timed closing and re-open-
ing of the contacts 1n the active interrupter/recloser designed
to cause a recognizable fault current 1n any of the section-
alizing switches located between the active interrupter/
recloser and the fault.

12. The method according to claim 1 further comprising,
alter executing the fast close-open operation by the new
active 1nterrupter/recloser, returning to setting the armed
state by any of the sectionalizing switches which detect a
fault current, and mmitiating the test pulse sequence by the
new active interrupter/recloser.

13. A fault location, 1solation and service restoration
system for a distribution grid feeder, the system comprising:

a plurality of interrupter/reclosers each including voltage
and current sensors and a controller having a processor
and memory, the controller receiving signals from the
sensors and being configured to open and close contacts
in the interrupter/recloser and command an internal
mechanism to create a test pulse sequence, where one
interrupter/recloser 1s located at each branch end of the
feeder;

a plurality of sectionalizing switches spaced apart
throughout the feeder, where each of the sectionalizing
switches includes current sensors and a controller hav-
ing a processor and memory, the controller receiving
signals from the current sensors and being configured
to open the sectionalizing switch when a fault pulse
count threshold or a load pulse count threshold for the
sectionalizing switch 1s reached, and where the con-
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troller 1s pre-configured with settings based on feeder
topology and rules for adaptively setting the thresholds,

where an armed state 1s set by any of the sectionalizing
switches which detect a fault current when an inter-
rupter/recloser 1s closed, and sectionalizing switches 1n
the armed state count subsequent test pulses as fault
current pulses,

and where any interrupter/recloser which did not trip open

based on overcurrent, and which detects the fault upon
pulse testing, executes a fast close-open operation
before continuing pulse testing.

14. The system according to claim 13 wherein an active
interrupter/recloser, when an overcurrent condition created
by a fault 1s detected 1n the feeder, opens the contacts to cut
ofl power to the feeder and initiates a test pulse sequence.

15. The system according to claim 14 wherein each
sectionalizing switch, when power 1s cut off in response to
the fault, determines which interrupter/recloser 1s active and

adaptively sets the thresholds based on the determination of
the active interrupter/recloser.

16. The system according to claim 135 wherein the active
interrupter/recloser 1s determined by the sectionalizing
switches by evaluating timing of pulse events from the
active nterrupter/recloser, where each of the interrupter/
reclosers 1n the feeder uses a unique value of the timing of
the pulse events.
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17. The system according to claim 15 wherein the active
interrupter/recloser 1s determined by the sectionalizing
switches by detecting a power tlow direction during normal
teeder operation, during a fault or during test pulses, where
the sectionalizing switches further imnclude voltage sensors,
and the power flow direction 1s determined from an average
power computed over a pre-configured sliding time window.

18. The system according to claim 13 wherein the fast
close-open operation includes a timed closing and re-open-
ing of the contacts 1n the active interrupter/recloser designed
to cause a recognizable fault current 1n any of the section-
alizing switches located between the active interrupter/
recloser and the fault.

19. The system according to claim 13 wherein the test
pulse sequence includes a sequence of low power test pulses
provided by an iterrupter/recloser at timed intervals, where
all of the test pulses are counted as fault current pulses by
cach armed sectionalizing switch and all of the test pulses
are counted as load current pulses by each unarmed section-
alizing switch.

20. The system according to claim 13 wherein, when an
active 1nterrupter/recloser completes 1ts test pulse sequence
and no longer finds a fault, the active interrupter/recloser
re-closes the contacts and a new active interrupter/recloser
initiates 1ts test pulse sequence based on a pre-configured
time sequence.
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